The products of PBX homeobox genes, which were initially discovered in reciprocal translocations occurring in human leukemias, have been shown to cooperate in the in vitro DNA binding with HOX proteins. Despite the growing body of data implicating Hox genes in the development of various cancers, little is known about the role of HOX ± PBX interactions in the regulation of proliferation and induction of transformation of mammalian cells. We build on the existing model of Hoxinduced transformation of Rat-1 cells to show that both cellular transformation and proliferation induced by Hoxb4 and Hoxb3 are greatly modulated by the levels of available PBX1 present in these cells. Furthermore, we show that the transforming capacity of these two HOX proteins depends on their conserved tetrapeptide and homeodomain regions which mediate binding to PBX and DNA, respectively. Taken together, results of this study demonstrate that cooperation between HOX and PBX proteins modulates cellular proliferation and strongly suggest that cooperative DNA binding by these two groups of proteins represent the basis for Hoxinduced cellular transformation.
Introduction
The Hox genes, ®rst identi®ed for their role in axial patterning (Krumlauf, 1994) , have also been recognized as potential regulators of proliferation (Sauvageau et al., 1995) , and dierentiation of hemopoietic cells . Perturbations in Hox gene expression pro®le have been associated with leukemic transformation. For example, the WEHI-3B leukemic cell line most likely originated from proviral insertional activation of Hoxb8 and interleukin-3 (IL-3) (Blatt et al., 1988) , since retroviral over-expression of these two genes in murine bone marrow cells causes an aggressive polyclonal acute leukemia, whereas neither gene alone is acutely transforming (Perkins et al., 1990) . Furthermore, a high proportion of mice transplanted with bone marrow cells over-expressing Hoxb8, or Hoxa10 or Hoxb3 eventually develop an acute myeloid leukemia after a latency period of several months (Perkins and Cory, 1993; Thorsteinsdottir et al., 1997; Sauvageau et al., 1997) . Interestingly, however, over-expression of Hoxb4 in bone marrow cells does not yield leukemia (Sauvageau et al., 1995) .
Recent reports suggested involvement of HOXA9 in human leukemia in which reciprocal translocation between chromosomes 7 and 11 results in a fusion of HOXA9 with a nucleoporin subdomain (Borrow et al., 1996; Nakamura et al., 1996a) . Intriguingly, overexpression of Hoxa7 and Hoxa9 was detected in a signi®cant proportion of leukemias developing in BXH-2 mice (Nakamura et al., 1996b) . In addition to their putative role in leukemogenesis, several Hox genes were also reported to transform NIH3T3 and Rat-1 cells (Maulbecker and Gruss, 1993) .
The molecular mechanisms underlying these Hoxinduced transformations are currently poorly understood. In vitro, HOX proteins cooperate in DNA binding with the PBX-homeodomain-containing proteins (Mann and Chan, 1996) . PBX1 was originally cloned as part of a fusion gene rearranged in human pre-B leukemias containing a reciprocal translocation between chromosome 1 (PBX1) and 19 (E2A), and PBX2 and PBX3 were later identi®ed using lowstringency hybridization (Monica et al., 1991) . HOX-PBX heterodimers bind with high anity to the sequence 5'-TGATNNAT(G/A)(G/T)-3', where the homeodomain of PBX interacts with the ®rst 6 bp, and that of HOX with the last 6 bp of this sequence (Mann and Chan, 1996) . The conserved adenosines at position 3 and 7 (underlined) were shown to interact with the asparagine (Asn51) residue located in the Cterminal sequence of Pbx and Hox homeodomains (Mann and Chan, 1996) . The non-conserved residue 5 and 6 (bold) is believed to contact the N-terminal region of Hox homeodomain, which presumably provides for the DNA-binding speci®city of HOX-PBX heterodimers Lu and Kamps, 1997; Phelan et al., 1995) .
For HOX proteins from paralog groups 1 ± 8, a tryptophan within a conserved tetrapeptide (F/Y)PWM motif located N-terminal to the homeodomain mediates the HOX-PBX interactions (Neuteboom et al., 1995; Phelan et al., 1995; Shen et al., 1996) . Although PBX alone is not capable of transforming cells, a region of 20 ± 25 conserved amino acids located C-terminal to the homeodomain, when fused to the E2A-activation domain, was recently found to be sucient for transformation. Moreover, this HCM (for Hox Cooperativity Motif) was shown to mediate interactions of Pbx with Hox proteins (Chang et al., 1997; Peltenburg and Murre, 1997) .
In contrast to the growing body of data identifying the structural determinants enabling HOX/PBX/DNA interactions, little is known about the functional consequences of these interactions in vivo. For example, genetic studies have demonstrated that full activation of the Drosophila decapentaplegic (dpp) gene depends on the presence of both, Ultrabithorax (Ubx, a Hox gene homolog) and extradenticle (exd, a homolog of PBX1) (Sun et al., 1995; Chan et al., 1994) . Furthermore, it was shown that the YPWM motif of Hoxa5 is essential for the biological speci®city of this gene (Zhao et al., 1996) . More recently, HOXB1 and PBX1 were shown to cooperatively increase the expression activity of a reporter construct containing a Hoxb1 autoregulatory element (Rocco et al., 1997) , and that a bipartite HOX-PBX binding motif present in Hoxb2 is necessary for its regulation in rhombomere 4 (Maconochie et al., 1997) .
Given that HOX and PBX cooperate in the in vitro DNA binding, as well as in developmental regulation, and given that both genes have been implicated in various cancers, we wished to examine whether they also cooperate to transform mammalian cells and whether they regulate cellular proliferation. To test these possibilities we have examined the ability of Rat-1 cells, engineered by retroviral gene transfer to overexpress a series of wild-type or mutant Hox or PBX1 cDNAs, to form tumors in immunode®cient mice and to proliferate in vitro under various conditions. Our results demonstrate that Pbx strongly enhances the Hox-mediated transformation of Rat-1 cells and suggest that cooperative DNA-binding between HOX and PBX represent the basis for this transformation. HOX and PBX also cooperatively increase the growth rate of Rat-1 cells by shortening of the G, phase of the cell cycle and together, these two groups of proteins signi®cantly increase the capacity of Rat-1 cells to grow in low serum concentration.
Results

Generation of Rat-1 cells over-expressing Hox and/or Pbx
Several Hox genes were reported to have a transforming potential, as detected by their ability to induce anchorage independent growth and tumor formation by Rat-1 ®broblasts (Maulbecker and Gruss, 1993) . To explore the ability of PBX1 to modulate the transforming potential of HOX proteins, Rat-1 cells were engineered by retroviral gene transfer to coexpress wild type Hoxb4 or Hoxb3 together with PBX1b cDNA in sense or antisense orientation, or to express Hoxb4 and Hoxb3 mutants compromised in their PBX-or DNA-binding ability (Figure 1a ). Transduced Rat-1 cells were examined for their proliferative and tumor-forming capacities.
Upon retroviral transduction, the integrity of dierent proviruses was con®rmed by Southern blot analyses of genomic DNA isolated from G418 and/or puromycin-resistant cells (data not shown). The selected Rat-1 cells expressed signi®cantly higher levels of Hoxb3, Hoxb4 and Pbx1 mRNA than the parental Rat-1 cells, in which endogenous transcripts could only be detected by Northern blot analysis of polyA RNA (Figure 2) , whereas the retrovirally-derived transcripts were readily detectable in total RNA extracted from transduced Rat-1 cells (Figure 1b and c) . The expression levels of the retrovirally-derived Hox (b4 and b3) and Pbx1 transcripts shown in Figure 1 appear to approach those observed in naturally occurring leukemias in which Hox and Pbx genes are involved (Nakamura et al., 1996a,b) . Prolonged exposure of autoradiographs containing mRNA isolated from untransduced Rat-1 cells revealed that in addition to Hoxb3, Hoxb4 and Pbx1, Rat-1 cells also express low levels of Pbx2 mRNA. In contrast, no expression of Pbx3 could be detected by Northern blot analyses of poly(A) + mRNA or by semiquantitative RT ± PCR (data not shown).
Pbx1 enhances Hox-induced transformation of Rat-1 cells Compared to Pbx2 or Pbx3, the expression level of Pbx1 was relatively high in Rat-1 cells (Figure 2 , and data not shown). These observations governed our choice of Pbx1 as a potential partner for Hox-induced transformation of Rat-1 cells. We ®rst tested whether increased expression levels of Pbx1 would allow Rat-1 cells to grow in soft agar (i.e., anchorage independent growth). Consistent with previous reports (Kamps et al., 1996) , cells over-expressing PBX1 alone formed few, if any, colonies in soft agar (Table 1 and Figure  3) . Interestingly, the colony forming capacity of Rat-1 cells infected with control neo virus slightly exceeded that determined for cells over-expressing PBX1 (Table  1) . Rat-1 cells over-expressing Hoxb4, in contrast, gave rise to approximately 100 colonies per 20 000 plated cells, and co-expression of Hoxb4 and PBX1 led to an additional six ± sevenfold increase in colony formation compared to Rat-1 cells over-expressing Hoxb4 alone (Table 1) . Over-expression of Hoxb3 alone conferred to Rat-1 cells a capacity for growth in soft agar exceeding that determined for cells over-expressing Hoxb4 and PBX1 (646+84 and 1070+50 colonies/20 000 cells for Hoxb4 plus PBX1 and Hoxb3 expressing cells, respectively). Co-expression of Hoxb3 and PBX1, however, further increased this capability of Hoxb3 by more than threefold (Figure 3 ). Co-expression of Hoxb3 and PBX1 not only enhanced the colony forming ability of Rat-1 cells, but also stimulated the growth of colonies larger than those observed in cultures of cells over-expressing Hoxb3 alone ( Figure  3 ). Similar enhancement of colony sizes was observed for cells engineered to co-express Hoxb4 and PBX1 (data not shown).
To further assess the requirement for PBX1 in HOX-mediated transformation, we sought to suppress the levels of endogenous PBX1 by co-expressing a fulllength antisense (A/S) PBX1b cDNA in the Hoxb4-transduced Rat-1 cells. Protein extracts obtained from parental, Hoxb4, or Hoxb4 plus PBX1b, or Hoxb4 plus antisense PBX1b over-expressing Rat-1 cells were analysed by Western blot analysis using a PBX speci®c antiserum (Kamps et al., 1991) . The predominant *38 kDa endogenous PBX1 protein migrated at the same position as the exogenous (i.e., retrovirallyderived) PBX1b product (Figure 4a ), suggesting that PBX1b, not the larger PBX1a (Monica et al., 1991) , is the major PBX species normally present in Rat-1 cells.
Interestingly, the Hoxb4-transduced Rat-1 cells expressed approximately twofold higher levels of endogenous PBX1b than the parental Rat-1 population ( Figure 4b , lanes 1 and 2), suggesting a growth advantage for Rat-1 cells co-expressing the transduced Hoxb4 and high levels of endogenous PBX1b.
Cells co-expressing Hoxb4 and antisense PBX1b showed a *®vefold decrease in the level of PBX1b protein compared to the parental Rat-1 cells ( Figure  4b , lanes 2 and 3). The antisense approach was, however, not capable of completely eliminating the endogenous PBX1B protein (Figure 4b , lane 3). The observed decrease in available PBX1 proteins had a signi®cant impact on the anchorage independent growth of Hoxb4-transduced cells. The colony forming ability of antisense PBX1 plus Hoxb4 cells decreased by *fourfold compared to the starting Hoxb4-transduced population (Table 1 ). The fact that the colony forming capacity of these cells was still above the level of neo controls may result from availability of the remaining PBX proteins, or alternatively, from a PBX-independent activity of HOXB4.
Pbx1 enhances tumor growth induced by Hoxb4
In addition to enabling growth in soft agar, Hox genes were also reported to induce tumor formation when over-expressed in Rat-1 cells (Maulbecker and Gruss, 1993) . To determine the eect of Pbx1 and Hoxb4 on tumorigenicity of Rat-1 cells, 8-week-old immunodeficient mice were injected subcutaneously with 2610 6 parental Rat-1 cells, or with identical numbers of cells over-expressing either PBX1, or Hoxb4, or Hoxb4 plus PBX1, or Hoxb4 plus antisense PBX1. No tumor formation could be detected during a 3-week observation period in mice injected with parental or PBX1-transduced cells (Table 2 ). All recipients of the Hoxb4 and Hoxb4 plus PBX1-over-expressing Rat-1 cells developed well vascularized tumors at the site of injection within 10 ± 12 days after transplantation (Table 2 ). However, recipients of Rat-1 cells overexpressing Hoxb4 plus PBX1 developed tumors that were 2 ± 3-fold larger than those formed by cells overexpressing Hoxb4 alone. Conversely, animals injected with cells over-expressing Hoxb4 and antisense PBX exhibited *threefold smaller tumors than those developing in recipients of Rat-1 cells over-expressing Hox Pbx Figure 2 Rat-1 cells express detectable levels of endogenous Hoxb4, Hoxb3, and Pbx1b mRNA. Two membranes containing poly(A) + mRNA isolated from exponentially growing Rat-1 cells (2 mg/lane) were hybridized to the following 32 P-labeled probes: Membrane 1 (Hox) was successively hybridized to a 450 bp cDNA fragment immediately 5' to Hoxb4 homeobox and to a 400 bp cDNA fragment 3' to Hoxb3 homeobox, and membrane 2 (Pbx) to a 260 bp fragment encoding part of the 3' untranslated region of PBX2 and to a 600 bp cDNA fragment 5' to the homeobox of PBX1b. Autoradiographs were exposed for 1 day at 7708C. Positions of the mRNA species detected are indicated with arrows, and positions of RNA molecular weight markers are shown on the left Hoxb4 alone, supporting the enhancing role Pbx1 plays in Hoxb4-induced transformation.
The conserved tetrapeptide and homeodomain of the HOX protein are necessary for transformation of Rat-1 cells by Hox and Pbx1
The results presented in the previous sections suggested that the magnitude of the Hoxb4 mediated eects on transformation depends on PBX1 protein levels. Given that direct interactions between HOXB4 or HOXB3 and PBX1 enhance the DNA binding speci®city for target sequences in vitro , we postulated that the transforming capacities of HOXB4 and HOXB3 depend on their physical interaction with PBX1 and DNA. A series of Hoxb4 and Hoxb3 mutants (Figure 1 ) was next examined for their transforming potential. Rat-1 cells expressing a HOXB4 tetrapeptide (W 149 G) mutant (mutant no. B4-2, Figure 5 ), previously characterized as incapable of interacting with PBX1, but competent in DNA binding , formed on average 7.8 (+0.3) times less colonies than cell expressing the wild type HOXB4 ( Figure 5 ). Next we examined whether the proline-rich region N-terminal to the conserved tetrapeptide domain of HOXB4 was necessary for transformation (mutant no. B4-1, Figure 5 ) and found that a mutant lacking this region supported growth of Rat-1 cells in soft agar as eciently as the wild type HOXB4. However, a HOXB4 mutant with an additional eight amino acid deletion (mutant B4-5, Figure 5 ) spanning the tetrapeptide region gave rise to transformation incompetent HOXB4 protein. These results show that the tetrapeptide and its conserved tryptophan are required for most of HOXB4 transforming activity thus strongly indicating that direct interactions between HOXB4 and PBX proteins are required for the observed transforming activity of HOXB4.
A functional HOX homeodomain is indispensable for cooperative DNA-binding of HOX/PBX heterodimers (Chang et al., 1995) . We next examined whether the transforming capacity of HOXB4 proteins also depends on their DNA binding ability. Deletion of the HOXB4 homeodomain and C-terminal region (mutant no. B4-3, Figure 5 ) decreased the transforming potential of mutant protein ®vefold when compared to the wild type HOXB4 (Figure 5 ). To disrupt the homeodomain/DNA interactions without compromising the conformation of HOXB4 protein we substituted the highly conserved asparagine-51 within helix three of the homeodomain, reported to represent a direct contact point between the homeodomains and the target DNA sequences (Kissinger et al., 1990; Wolberger et al., 1991) , with alanine (mutant no. B4-4, Figure 5 ). Eect of this substitution on the transforming capacity of HOXB4 was comparable to that determined for the entire homeodomain deletion, as Rat-1 cells expressing it produced on average 5 ± 6-times less colonies than wild type Hoxb4-transduced controls. Consistent with the severely compromised transforming ability of Hoxb4 mutants lacking the PBX-or DNA-interacting domain, similar deletions of Hoxb3 completely abolished its capacity to induce growth of Rat-1 cells in soft agar (mutants B3-2 and B3-1, Figure 5 ).
Taken together these results suggest that the transforming capacity of HOXB4 and HOXB3 maps to the conserved tetrapeptide and homeodomain motifs and indicate that, at least in our model system, the levels of available PBX1 protein determine the magnitude of Hox-induced alterations in cellular behavior.
Hox and Pbx1 participate in regulation of proliferation Rat-1 cells over-expressing Hoxb4 or Hoxb3, in the presence or absence of exogenous PBX1, grew in uniformly¯at monolayers when cultured in tissue culture dishes, exhibited contact inhibition and were morphologically indistinguishable from the parental Rat-1 cells. Over-expression of Hoxb4 had, however, a major impact on the ability of these cells to proliferate under low serum conditions, with a doubling time of 24 h in 2% serum compared to 34 h determined for the parental cells (Figure 6b ). This dierence was further enhanced during growth in 0.4% serum (Figure 6c) , and somewhat blunted under high serum concentrations (Figure 6a) . In contrast to the Hoxb4-transduced cells, Rat-1 cells over-expressing PBX1 alone proliferated slightly slower than parental cells in all conditions examined (Figure 6a ± c) . Interestingly, when Hoxb4 and PBX1b were over-expressed together, there was an increase in proliferation rates beyond those determined for cells over-expressing Hoxb4 alone, suggesting that HOXB4 and PBX1 were also cooperatively modulating cellular proliferation.
To further characterize the Hoxb4-associated changes in proliferative behavior of Rat-1 cells, we next examined the serum-induced progression through the cell cycle of the growth factor deprived cells ( Figure  7) . Flow cytometric analysis of DNA content revealed a serum induced onset of DNA synthesis by the Hoxb4-and Hoxb4-plus PBX1-transduced cells within 9 ± 10 and 6 ± 8 h, whereas no increase in the proportion of parental Rat-1 or PBX1-transduced cells in S-phase could be detected until after 12 h of stimulation. Moreover, by 12 h of incubation with serum, 80 ± 85% of parental Rat-1 and PBX1-transduced cells were in G 1 while only 30% of the Hoxb4-and 20% of Hoxb4-plus PBX1 transduced were in this stage, suggesting that shortening of G 1 contributes to the proliferative advantage characterizing the Hoxb4-transduced cells and likely contributes to its ability to transform Rat-1 cells.
Discussion
Studies presented in this paper build on the well documented cooperative DNA binding by HOX and PBX proteins in vitro (Mann and Chan, 1996) to demonstrate the in vivo cooperation between HOX and PBX proteins in transformation of mammalian cells. We show that the ability of HOXB4 and HOXB3 to interact with endogenous PBX1 is critical for transformation of Rat-1 cells, and that HOXB4 and HOXB3 mutants compromised in their DNAbinding ability exhibit signi®cantly diminished capacity to support growth of Rat-1 cells in soft agar. Direct interactions between HOX, PBX and their putative DNA target sequences therefore likely represent the basis for the Hox-mediated transformation. The results obtained with the proliferation assay showed that HOX had a noticeable eect on cell growth and that PBX1 further enhanced this eect. It is interesting to note that the cells which generated the highest number of colonies in soft agar (i.e. Hox+PBX1) were also those who proliferated the fastest in all serum concentrations tested suggesting that these two processes are linked. It is possible, therefore, that the enhanced proliferative responses to growth factors present in the calf serum contributed to Hox-induced transformation. Interestingly, it was determined that Hoxb4-transduced Rat-1 cells had G 1 shortening (see later). G 1 shortening and transformation has previously been reported for Rat cells that over-expressed cyclin D1 (Jiang et al., 1993) . Experiments are currently underway to examine more speci®cally which of the cell cycle progression regulating proteins might be regulated by the combined action of HOX and PBX.
The proliferative eect of Hoxb4 is likely neither cell type nor growth factor speci®c, since we found that IL-3 dependent FDC-P1 cells over-expressing Hoxb4 also proliferated in response to low concentrations of IL-3, which fail to support proliferation of the parental FDC-P1 cells (E Kroon and JK, data not shown). Moreover, in mouse bone marrow transplantation models we found that over-expression of Hoxb4 led to a signi®cant in vivo expansion of the transduced pluripotent hemopoietic stem cells (Sauvageau et al., 1995) , suggesting that HOXB4 participates in ubiquitous mechanisms regulating proliferation of cells in adult mammalian tissues. The putative Hox gene targets may thus include growth factors, their receptors, and molecules involved in post-receptor signaling. Consistent with this possibility, basic ®broblast growth factor production was detected in HOXB7 over-expressing melanoma cells (Care et al., 1996) . The Hoxb4-transduced Rat-1 or FDC-P1 cells produced no bioactive substance(s) detectable by proliferation assays (E Kroon and JK, data not shown). It is possible, however, that over-expression of Hoxb4 or Hoxb3 induced low levels of autocrine production of growth factor(s), and thus decreased the requirement of cells for exogenous stimulants. Over-expression of Hoxb4 could also induce enhanced expression of the relevant growth factor receptors. This is likely not the case, since within populations of the Hoxb4-transduced primary bone marrow cells clones with high proliferative potential emerged only in the presence of excess IL-3 (Sauvageau et al., 1995) , which argues against the Hoxb4-induced increase in the numbers of available cell surface receptors.
Our observation that cells over-expressing Hoxb4 exhibited shortened G 1 phase after re-exposure to serum further supports the role for HOXB4 in mechanisms regulating cell cycling. Irradiated Jurkatt cells over-expressing HOX11 were capable of progressing through G 2 /M and reinitiating G 1 whereas control cells remained arrested at the G 2 /M boundary (Kawabe et al., 1997) . This stimulatory eect, moreover, appeared to be DNA-binding independent and to involve the sequestering of phosphatases PP2A and/ or PP1. Both, HOXB4 and HOXB3 possess several casein kinase II recognition motifs, and may represent targets for phosphorylation/dephosphorylation events (Jae et al., 1997) . It is conceivable that HOXB4 also regulates proliferation through protein/protein interactions, by bringing nuclear kinases and phosphatases into proximity of proteins involved in regulation of cell cycling. These interactions could occur in the absence of DNA binding, as appears to be the case for HOX11 (Kawabe et al., 1997) . Our Hoxb4 homeodomain mutants had, however, a signi®cantly diminished capacity for supporting the anchorage independent proliferation, and the corresponding deletion of Hoxb3 completely abolished its transforming potential. DNA binding may thus enhance the probability of interactions between the examined HOX proteins and other factors involved in regulation of proliferation, as well as limit interactions of these complexes to the speci®c target sites.
We note that while Hox and PBX1 expressed together exhibited a synergistic eect on proliferation and tumor formation, PBX1 alone slightly, but consistently suppressed proliferation and colony formation. These observations are in agreement with the recent ®ndings that PBX selectively binds to dierent optimal binding sites than HOX/PBX heterodimers (Neuteboom and Murre, 1997) , indicating that PBX and HOX/PBX may activate dierent sets of responsive genes. Our observations that expression of antisense Pbx signi®cantly diminished, but could not abolish the capacity of Hoxb4-transduced Rat-1 cells to grow in soft agar and to form tumors suggest that the levels of endogenous PBX1 in cells over-expressing Hoxb4 alone could represent a factor limiting the magnitude of the HOXB4-promoted proliferative activity. In addition to interactions between HOXB4 and the residual PBX1 (Figure 4b ), the PBX1-related proteins whose expression was not aected by the antisense PBX1b cDNA, may also play a role in enhancing the HOXB4-induced proliferation. Low, but detectable levels of anchorage independent growth and slow tumor formation characterizing cells co-expressing Hoxb4 and antisense PBX1, or the HOXB4 tetrapeptide W 146 G mutant, could therefore also result from the PBX1-independent HOXB4 activity. Consistent with this, HOXB4 alone exhibited a distinct albeit weak DNA binding capacity in vitro .
Data presented in this report argue that HOX proteins might play a role in E2A ± PBX-induced oncogenic transformation. Arguments supporting this possibility include: (i) our observations that PBX potentiates the HOX-induced proliferation and tumorigenic transformation of adult mammalian cells: (ii) the capacity of the HOX Cooperativity Motif (HCM) within E2A ± PBX to induce anchorage independent growth of ®broblasts (Chang et al., 1997) ; and (iii), the inability of E2A ± PBX alone to induce acute leukemia in mouse bone marrow transplantation model (Kamps and Baltimore, 1993) . On the other hand, the E2A ± PBX homeodomain-independent transformation of ®broblasts (Kamps et al., 1996; Chang et al., 1997) and primary cells (Monica et al., 1994) raises question of a role for E2A ± PBX and Hox interaction in oncogenicity, since the homeodomain of PBX is necessary for cooperative DNA binding (Chang et al., 1995) .
In addition to all the Hox genes belonging to paralogs 1 ± 8, the PBX interacting tetrapeptide also characterizes homeodomain-containing proteins such as HOX11 (TCL-3) and, to a lesser extent, Drosophila Engrailed (Peltenburg and Murre, 1996) . The observed cooperation between PBX and HOXB4 or HOXB3 in transformation of Rat-1 cells may thus represent a general mechanism linking these homeodomain proteins with aberrations in control of cell proliferation.
Together, the ®ndings presented in this paper show that Hoxb4 participates in the control of cellular proliferation and demonstrate an active role for PBX1 in Hoxb4-and Hoxb3-induced alterations of cycling activity and transformation. Our observations raise the possibility that changes in the delicate balance between the levels of tetrapeptide-containing homeoproteins and PBX can lead to aberrant proliferative behavior, and ultimately malignant transformation, of mammalian cells.
Materials and methods
Generation of mutant Hox cDNAs
The Hoxb4 and Hoxb3 mutant cDNAs encoding the proteins described in Figure 1a were generated as follows: Mutant no. 2 was obtained by restriction digest of the MSCV ± Hoxb4 ± PGKneo r plasmid (Sauvageau et al., 1995) with PmlI and XhoI to release a 311 bp fragment. The vector was then blunted and ligated together with an amber-XbaI oligonucleotide 5'-CTA GTC TAG ACT AG-3' encoding an amber stop codon in all three reading frames. Hoxb4 deletion mutant cDNA no. 3 and 6 and Hoxb3 deletion mutant cDNAs no. 9 and 10 were obtained by PCR ampli®cation of wild type cDNA using Pfu polymerase (Stratagene) and the following sets of primers (all 3' to 5'): mutant no. 3 and 6: sense, CAG AAT TCA TGG TCG TCT ACC CCT GGA TGC and CTG AAT TCA TGA AAG TTC ACG TGA GCA, respectively, and antisense, CGA CTC GAG TCA CTC CCC GCC GGC GTA ATT for both mutants; mutant no. 9 sense, CAG AAT TCA TGC AGA AAG CCA CCT AC and antisense, CGA GAA TTC TCA TGC TGT GCC GGG GGA GT; mutant no. 10 sense, CAG AAT TCA TGC AGA TAT TCC CCT GGA TG and antisense, CGA GAA TTC TCA CAG GTG TGT TAA TTT GG. For mutant no. 4, a PCR primer incorporating the Asn to Ala mutation and a 3' BglII site was used in conjunction with a 5'-primer containing a PstI site to amplify a fragment of Hoxb4 containing the desired change, which was then cloned into wild type Hoxb4. The tetrapeptide Trp 146 Gly substitution mutant no. 5 was generated as previously described .
All constructs including wild type Hoxb3 and Hoxb4 (Sauvageau et al., 1995) were subcloned into the MSCVneoEB retroviral vector (Dr Robert G Hawley, Sunnybrook Research Institute, Toronto, Canada) in the multiple cloning site located upstream to the PGK-neo r cassette, such that expression of the various cDNAs is under the control of the retroviral 5' LTR. To generate retroviral vectors carrying the PBX1b cDNA in sense and antisense orientations, the 1.6 kb HindIII ± SmaI PBX1b fragment (Dr Michael Cleary, Stanford University, Palo Alto, CA) was blunted and subcloned into the HpaI site of MSCV ± PGK ± PAC vector (also from Dr RGH).
The ability of wild type and mutant Hoxb4 cDNAs to produce the expected proteins was demonstrated by bacterial expression as pET fusion proteins (Novagen, Madison, WI) which were detected by Western blot analysis using antisera speci®c to Hoxb4, as well as by in vitro transcription/ translation in the presence of [ 35 S]methionine (data not shown). Integrity of Hoxb3 mutants was veri®ed by DNA sequencing using the dideoxy method.
Cell lines
Rat cells (a gift of Dr P Jolicoeur, IRCM, MontreÂ al) were maintained in DMEM containing 10% calf serum (CS) (all sera and media were obtained from GIBCO Life Technologies, Burlington, Ontario). To isolate clones with low capacity for growth in soft agar, 50 cells were plated in 10 cm dishes. Subclones initiated from non-overlapping colonies were expanded and plated in quadruplicate soft agar cultures to identify clones with colony forming eciency 51610
75 . These cells were thereafter named Rat-1. Early passage of BOSC-23 cells (provided by Dr WS Pear, Rockefeller University, NY) were expanded in DMEM containing 10% dialyzed fetal calf serum (FCS), and supplemented with 15 mg/mL hypoxanthine, 250 mg/ mL xanthine, 25 mg/mL mycopenolic acid, 10 mg/mL thymidine and 2 mg/mL aminopterine. Two to three days prior to transfection, aliquots of frozen BOSC-23 cells were thawed into DMEM containing 10% FCS, and were incubated with the same medium during transfection and viral production.
Viral production and infection of Rat-1 cells
The plasmid DNA was transfected by calcium phosphate precipitation into BOSC-23 cells, and virus-containing supernatants were collected 24 and 48 h after transfection. For infection, 1610
5 Rat-1 cells were plated in 10 cm dishes and were cultured for 1 day with virus-containing supernatants (*1610 6 c.f.u./mL as assessed by transfer of G-418 or puromycin resistance to Rat-1 cells) in the presence of 6 mg/mL of Polybrene (Sigma, St Louis, MO). Cells were then washed with PBS, incubated for 1 day with DMEM supplemented 10% CS, and were selected for 7 ± 10 days in medium containing 1 mg/mL of G-418 (GIBCO Life Technologies), or 400 mg/mL of puromycin (Sigma, St Louis, MO), or both drugs as appropriate for selection of virus encoded selectable markers.
Soft agar assays and colony determination
The selected polyclonal neo r , or puro r , or neo r + puro r Rat-1 cells were grown for 3 ± 4 days in the absence of antibiotics. The exponentially growing cell populations (one day after plating of 1610 6 cells/10 cm dish) were trypsinized, passed 3 ± 4 times through a 21 G needle, and resuspended at 2610 4 cells/mL in DMEM supplemented with 10% CS and containing 0.3% Agar Noble (Difco Laboratories, Detroit, MI). Duplicate 1 mL aliquots were then plated in 35 mm petri dishes containing a solidi®ed layer of 0.6% agar in DMEM with 10% CS. Cultures were incubated at 378C in a humidi®ed atmosphere containing 5% CO 2 , and were overlaid with 0.5 mL of fresh DMEM containing 10% CS and 0.3% agar on day 7 and 14 of incubation. Colonies were scored at day 21 using a surface area corresponding to approximately 20 Rat-1 cells marked within the eyepiece of an inverted microscope (106, Axiovert 100, Zeiss, Germany). This surface area represented the minimal criteria for colony determination. All experiments were performed within 14 ± 18 days after infection and were repeated with at least two independently infected and selected polyclonal cell populations.
Tumorigenicity assays
Eight to ten-week-old immuno-de®cient C57BL/6 CD3E 7/7 mice (generously provided by Dr B Malissen, Centre d'Immunologie INSERM-CNRS de Marseilles-Luminy, Marseilles, France) were injected subcutaneously with 2610 6 cells. The transplanted animals (three mice per group, one group for each cell type) were sacri®ced on day 18 (Expt. 1) and day 21 (Expt. 2) for tumor measurement.
Proliferation assays
The exponentially growing Rat-1, Hoxb4, Hoxb4+PBX1b and PBX1b expressing cell populations were trypsinized and replated in DMEM supplemented with 0.5% CS at 3610 5 cells and 5000 cells per 10 cm dish, for 3 and 6 day growth period, respectively. Following a 3 ± 5 h attachment period, cells were washed three times with PBS, and maintained in DMEM containing 0.5% bovine serum albumin (BSA) for 24 ± 28 h. Cells were then washed with PBS and overlaid with DMEM supplemented with the indicated concentrations of CS. After 3 and 6 days of growth, cells were trypsinized and counted using a hemacytometer. All proliferation assays were performed using duplicate cultures and were repeated using two sets of independently infected Rat-1 cell populations.
Cell cycle analysis
Serum deprived cells (3 ± 5610 5 /10 cm dish) were stimulated with DMEM containing 10% CS. At the indicated time points, cells were trypsinized, washed twice with PBS, and incubated for 30 min on ice in hypotonic DNA staining solution (4 mmol/L trisodium citrate, 0.1% Triton X-100, 0.1 mg/mL RNAse A, 50 mg/mL propidium iodide). Stained nuclei (10 000/sample) were analysed bȳ ow cytometry using Coulter Epics XL (Coulter Corp., Hialeah, FL) and Multicycle AV software (Phoenix Flow Systems, San Diego, CA).
